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INTRODUCTION

Between 1974 and 1976 two mechanically stabilized embank-
ments (MSE) and one Reinforced Earth (RE) embankment were
constructed and instrumented on I-5 near Dunsmuir. The
MSE walls were constructed with bar-mat reinforcement and
- concrete facing. The RE wall was constructed with smooth
steel strip reinforcement and concrete facing. All three
. walls were instrumented to monitor their behavior. The
results of the field study were reported in 1981(1),(2).

In 1977 a computer program called "General Two Dimensional
Soils and Reinforced Soils Analysis"(12) was developed by
Dr. L. R. Herrmann of the University of California at Davis
in cooperation with Caltrans. As part of the study, the
general two dimensional program was implemented to analyze
stress and strain in soil reinforcement systems.

This report describes how the above program was utilized
to evaluate and compare the behavior of the instrumented
MSE and RE walls at Dunsmuir. It is the final report for
the state financed research project, "Install a New Finite
Element Computer Program".

Details of MSE and RE wall construction, field instrumenta-
tion, soil information, wall dimensions and properties of
reinforcing and facing materials were reported by Chang,
Hannon and Forsyth(l) in 1981.
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FHyperbo]ic stress-strain relationships were used to take
into account noniinear, inelastic and stress-dependent
behavior of soils.

The program Tisting and User's Manual that were used in the
analysis are not included in this report but are available
at the Caltrans Laboratory.
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CONCLUSIONS

1. Theoretical stresses and strains in the soil and rein-
forcement elements given by the "General Two Dimensional
Soils and Reinforced Soil Analysis Program" are comparable
to the stresses and strains measured in the field for both
the MSE and RE systems.

2. Applied procedures for MSE and RE in finite element
analysis are quite similar. The friction factor and cohe-
sion between soil and reinforcement in reinforced earth are
actual friction and cohesion values obtained from labora-
tory pullout resistance tests with the same type of soil
and steel strips used in the field. The friction factor
and cohesion between steel and soil used in the analysis
for MSE are equivalent factors converted from laboratory
pullout resistance of bar-mat and surface area of longitu-
dinal bars in the mat.

3. For meaningful results, all parameters for finite
element analysis should be carefully established. Soil
should be tested within the range of expected pressure

and with the field density, water content and drainage
conditions. Friction and cohesion between steel and soil,
between soil and facings, etc., should be determined as
accurately as possible.

4, The geometry of the finite element mesh and shape of
elements have some effect on results, i.e., triangular
elements in rectangular mesh tend to produce misleading
results. Elements with one or two sides longer ( 3 times
or greater) than the others tend to give inaccurate re-
sults. Connection points between fine grid and coarse grid
elements should be kept far from the body of interest.

www . fastio.com
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5. The cdﬁputer program has been satisfactorily modified
and tested and is now available for use.
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RECOMMENDATIONS

The general two dimensional soils and reinforced soils
analysis program should be utilized in the future to design
and predict stress-strain behavior of earth and earth re-
taining structures.

Further testing of the program should be conducted with
other instrumented reinforced soil structures (MSE, etc.)
to further verify its effectiveness. A1l parameters for
input into the finite element program should be carefully
established to closely model field conditions.

Additional research is needed to establish stress-strain
behavior of MSE systems under earthquake loading. A'new
computer program should be developed to simulate these
conditioens.
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IMPLEMENTATION

Finite element computer programs are presently used within
Caltrans to analyze stress-strain conditions of earth and
earth related structures. The techniques presented in this
report will be used by both the Transportation Laboratory
and the 0ffice of Structures to analyze MSE and RE systems.
A program listing and User's Manual are available.
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EVALUATION OF PARAMETERS

In order to use the finite element method for theoretical
analysis of the MSE at Dunsmuir, hyperbolic stress-strain
parameters were developed from results of triaxial shear
and consolidation tests.

The parameters are listed as follows:

Parameter

K, Kur Moduius number

n Modulus exponent

o Cohesion intercept

¢ Internal angle of friction
Re : Failure ratio

Ky Bulk modulus number

m Bulk modulus exponent

The hyperbolic stress-strain reIétionship was developed by
Duncan for use in nonlinear incremental analysis of soil
deformations(3). 1In each increment of such analyses the
stress-strain behavior of the soil is assumed to be linear
and the relationship between stress and strain is assumed
to be governed by Hooke's Law of elastic deformation.

Stress-strain curves for soils can bhe approximated by
hyperbolas represented by the following equation:
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'jwhere: E;

1]

initial tangent modulus

€, = axial-strain

(07-03),1¢t= value of stress difference which is
related closely to the strength of soil.

Since an increase in confining pressure tends to result in
a steeper stress-strain curve .and a higher strength, the
values of E; and (07-93),1¢ Will, therefore, tend to
increase with increasing confining pressure.

Janbu(4) suggested the following equatﬁon:

o o
Ei:KPa(i)" .................. (2)

where: P, is atmospheric pressure expressed in the same
units as E; and O3.

values of (07-93),7¢ €an be related to the peak deviator
stress (03-93)f in a given test by expression

= ) cessaeresessssae 3
(0109) ¢ = Re(0370) 1 (3]
'Zé ‘cos¢ + 20 sind
With ] = ~ 3 ---------- . & 4
- (01-0y)¢ 1= =50 (4)

Relationship Between Tangent Modulus and Sfress

www . fastio (jO‘N.

The instantaneous slope of the stress-strain curve is the
tangent modulus Ey

2 n
R .{1-sind) (o, -0} o
£ 1 "3 3
where E, = [1 " e eess TS, Sin¢] K_pa(—"') ..... .. (5)

inelastic behavior represented by use of different
modulus values for loading and unloading.
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In the hyperbolic stress-strain relationship, the same
value of unloading-reloading modulus E, . is used for
both unloading and reloading.

n
ag
E = K P (-—3> ......... s ra s e (6)
ur ur “a\p_

Nonlinear volume change is accounted for by using
constant bulk modulus, B '
Acl + Adzi-AGB

where 8 = = Ce e R
. _ .

€, is volumetric strain

(G, - )
in triaxial test, B = _éhrﬁi_ ................ (8)
v

B will increase with increasing confining pressure

g m
when B =K Pa(P—z) ettt e s (9)
In the ‘absence of volume change measurements, bulk modulus
can be calculated using data from consolidation tests as
verbally suggested by Professor Duncan of University of
California, Berkeley.

where B = (Ap_+ 2kldp) ... (10)
3Ae
v
Ap = an increase in consolidation pressure
Ae, = a change 1in volumetric strain, in this case, it

is also vertical strain due to change in consolidation

‘pressure, Ap.

Hyperbolic parameter values for foundation and backfilil
materials for the MSE walls are summarized in Table 1.
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Table 1 - Hyperbolic Parameters of Foundation
and Backfill Materials at Dunsmuir

1) C
K Kur n Degrees | psf Rf m Kb
Foundation | 214 | 422 1.2 38 200 | 0.83 0.57 96
Backfill 960 | 960 |-0.23 36 230 j 0,87 |-0.59 ] 375

Details of how these values were obtained are presented in
Appendix A,

Modeling of Reinforcement

The reinforced soil mass behind the wall was modeled as a
composite, homogeneous orthotropic material.

The steel bar-mat was modeled as longitudinal bars alone
with friction factor and cohesion vaiue derived from labo-
ratory pullout resistance tests as though no transversal
bars existed.

‘Based on the results of pullout tests performed with the
same type of bar-mat and soil with approximately the same
angle of dinternal friction, the equivalent friction factor
was estimated to be 2.0 with a cohesion of 144 psf. Fric-
tion factor between the smooth steel strip and soil used
for the RE system was 0.6.

In MSE finite element analysis, the reinforcing was assumed
to consist of two components; (1) the bar-mats and {2) the

connection bolts between the bar-mats and the reinforced
concrete facings.

10
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For the RE wall, the reinforcing-soil mass was modeled for

two areas that differed in their ratios of volume of

reinforcement to volume of so0il and surface area of steel

per unit volume of soil. This was necessary because the

crpss‘section analyzed consisted of both half and full

facing panels. However, the number of steel strips was the
. same.

. Theoretical Analysis by Finite Element Method

Dr. Herrmann's finite element analysis computer program,
which was evaluated in this study, permits the analysis of
stresses and strains in embankments, reinforced earth
walls, sheet pilings and almost any other type of soil
structure problem.

Finite Element Mesh Model

Meshes of finite elements were designed in such a way that
the reinforced sections for the two MSE walls and the RE
wall (bodies of interest) have a rather fine mesh. The
mesh size increases with distance from the walls. The
finite element meshes for this study (Figures 1 and 2) rep-
resent a section at Station 168+80 for the MSE and Station
188+50 for the RE wall.

The lower boundary on rock foundation is assumed fixed with
no deformation. The left and right vertical boundaries are

. considered to be on rollers allowing downward movement.
A11 vertical boundaries are at least 30 feet from the walis
. so that the computed stress-strain in the embankment will

not be influenced by the proximity of the mesh boundary.

11
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‘Incremental Analysis

To simulate construction progress of the walls, an incre-
mental analysis was used. Twenty-three incremenis were
used to analyze MSE. The first was used te initialize the
stress state in the foundation material, the second incre-
ment was used to find the stress after excavation for the
lower wall and the next 9 increments were used to construct
the lower wall. The twelfth increment simulated excavation
for the upper wall and the last 11 increments the upper
wall construction.

Twelve increments were used to analyze the RE wall.
Excavation subsequently followed by backfilling was modeled
by assigning two elements to the same space. The element
representing the original soil was excavated prior to the

increment in which the backfilled material was placed.

Modeling Facing Elements

The precast concrete facing was modeled as a flexible mem-
ber. Because the facing is in compression, a relatively
high failure strain was assumed. Full friction was assumed
between the soil mass and concrete facing member. Due to
the presence of bar-mat reinforcement, relative movement
was not permitted between the facing member and the sur-
rounding backfill soil. The reinforcing bar-mat connection
to the concrete facing was considered rigid. Reinforcement
and facing were also considered to move as a unit with no
rotation of facing elements permitted., Slippage of rein-
forcement and edge effects were considered.

14
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DISCUSSION

This section provides a compérison of theoretical results
from finite element analysis with actual (measured)
performance data from instrumentation instalied during
construction of both the MSE and RE walls. For details of
instrumentation installation and monitoring, refer to
Appendix B and Reference 1,

Soil Parameters ~ The foundation materials consist of silty

clay founded on bedrock. Laboratory consolidated drained
triaxial tests gave angles of internal friction varying
from 28 to 45° and cohesion from 0 to 600 psf. The soil
properties are quite varied and no clear separation exists
between Tayers. Average properties were used and the
foundation materials were considered as one type of soil.

Average modulus exponent from laboratory tests on undis-
turbed samples was estimated to be 1.2.

Backfill Material ~ Bulk modulus number and bulk modulus

exponent of backfill material (lean sandy clay) were found
to be -0.23 and -0.59. The negative exponent is uncommon
for remolded drained tests. However, since a good rela-
tionship between E; and o3 existed, the exponent was
considered valid (Figure A3).

Stress in Steel Reinforcement

www . fastio.com

Figures 3 and 4 show stresses in steel reinforcement for
the MSE and RE wall, respectively. 1In both cases, stresses
given by finite element analysis are comparable to those
measured by field instrumentation.

15
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“ivértical and Horizontal Stresses in Soil

Vertical and horizontal stresses in elements which match
the location of field soil pressure cells are plotted on
Figures 5 through 10.

In the upper MSE wall and in the RE wall, soil stresses
correlate better for the after-stabilization stress condi-
tion (equilibrium). However, in the Tlower MSE wall, the
measured and predicted soil stresses correlated more close-
ly for the end of construction condition.

Settlement

Figure 11 shows plots of settlement for the RE wall at
Levels A and B. It can be seen that both curves show an
excellent correlation between measured and theoretical
settlement.

18
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A '~ Modulus of Unloading-Reloading of Foundation
Material from Consolidation Tests

Sample G3/Pa Eur / Pa Kur
B5-A-3 2.03 499.57 213
B5-A-5 - 1.89 1222.35 569.43
B5-A-7 1.80 887.07 438.16
B5-A-10 1.65 494,51 271.14
B5-A-13 1.65 791.64 434.06
B5-B-2 1.42 951.83 558.59
B5-8-3 1.51 778.27 474.63
D-6-1 1.80 768.21 379.45
D-6-3 1.80 683.71 337.71
D-7-3 1,51 898.50 547.96
D-7-5 1.51 718.77 438,37
32
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Table 2A - Bulk Modulus and Modulus Exponent of
Foundation Material

Sample Kp m
B~5A-511 89 0.38
B-5A-3I1I 83 0.64
B-5B-211 97 0.56

D-6-11 117 0.48

D-7-31 93 0.78
Average 96 0.57
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Table 3A - In-Place Nuclear Density of Embankment at
Location A and B

Elevation Density
< Station (ft) {pcf}
=
1168 to 171 2471 123
51168 to 171 2476 119
— 1167 to 171 2477 122

185 to 188 2560 - 111
@187 to 190 2562 105
o[185 to 188 2564 110
<1188 to 190 2564 107
of185 to 188 2569 100
~[188 to 190 2570 111

NOTE:

Average Density (pcf)

Location A Location B

121 ' 107
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Table 4A - Summary of Properties of
and Steel Reinforcement

Properties of Backfill Materials

Backfill Material

Friction Angle, 1) ggo
. e
Cohesian, psf Ct 1288
Ce
Plasticity Index 5
- pH 5.4
Resistivity, ohm.cm 8733
Sand Equivalent 36
Density, 1b/ft3 121
Properties of Steel
MSE RE -
Elastic Modulus, ksi 29.3x103 | = 28.0x103
Yield Stress, ksi 66.6 42.6
Ultimate Strength, ksi 95.2 62.6
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Reinforcement and Facing Members

42

ir

"


http://www.fastio.com/

g1 aanbiy

(ASW) TIvMm  H3ddn
093 8 13A37  LYW-4VE8 A3LNIWNYISNI:

93 b2 10§ 8/e-6 / 9/2,9 10 0 B8/€-6 \ —lg
1 \ /
bl-2 - Ol-2 _ \ 9-2 Z.9
O " O —
317v2S OL 10N =
£1-0- 6 -2 6-2
w. O », O Hog
Ou
21-0 B -2 b-3 -2
aboo
* -3 . L-2 £-2 uiD4S
g Moy 2 Moy | ABY
s} P
0-01
9/3 01~} 1D e..m\mnm/ 2/2 ,9 10 0 ,8/-6 \
81-d S w  D1-8 \ 01-8 9-8 z-8
Ll-g _ €l-8 6-8 c-8 Hog
91-8 21-8 8-8 v-8
d Tt et L™ ﬂlm
Gi-9 -8 L-9 -8
b Moy . ¢ Moy - Z Moy | woy
0- G} -

43

wanyfastio.com

ClibhPDF -


http://www.fastio.com/

. g2 24nbiy

8 NOILLY20T 17vM HLYv3  032Y0d4NIFY
NVId NOILVLNIWNYLSNI ONV NCILL23S TvOidAlL

(PednpsY) 74y 31938

ez . . 054541 HOILY]S
_u . V-¥ NOILD3S
_ I_
K]
. 1602 Tavpins wou zaed
HOILYONNOS kY .*
QIVIWisSHE 36 oL -. o~
. ”
e ' !
! . _
5 - |
8562 STHNSSI4d 0§ »Z !
WIHOZIHOH SHIBRSYIN WD Tby e |
" 02 DML 14 $T13) J8NSSTud V10§ 2 rdty 2 Y5 s mh..m tas-£%0
SIUNSSIUNY 357 4N 2HY Y < ! ! . : ._
1105 WHI¥IA DHIMNSYIN Y04 Juv s, ny 5P 7 13§ L% 3-Fb Al L
6562 O DL ) $1199 TunSSINd 110S 1 1S2U08 l_.e_.l P Sl w3t gt L]
808 £98 29t S5 —
TR = 0 —n 00+ ~ o 1! S0 I 1INY [
/ : 3 o 3 aguAT g iy JACSINN %
_ L i H NN T YT AT VY I
- —] | 8 1 syiomcieiny [ w
e - L4 ! ROTCRLUA N
- £ac2 e ot 2 formm 1 4+ P UH S0 o s~ A S T
; O ey B L a —] : — e SHILIAOSGH0) e T
o posfi¥a @%p N3G 2212 %y sos§%0d = : ST 3e0sedad 1LTGI L TN T
- \ WA gt iani Tat par s IR T f o - ' LF ST Garssies hios T T o
sy e i-5p 3P SuPr fraal -1 i L R R L O -
§r28 138 943 qa e Y]] a01ie Y38 50 egats [007 ]
1952 K ] i [ 043931 ]
: - |
N V:_Em 1318 ] 1
£ ~
[ r.n.i ALV TWRIREIL
1252 T [T o0& -5
= — & [CLELTT H NS Rl H
- vad Nvid
—— — —_— : B, —  SFRISE 2-35vhd #
~5152 TN408d N.umsa\ H
i _.Iﬂ
i Tu_:._ [RILINY
|o-q) 0I-¥ 0L 2k W98k 1 Bt - T R
\ .
17 H I
BNO130-1, T 001 den
TN ey Ovcep ] g ——— —
I
—— — l..n -..r.|||.q|..ﬂv.|.q..m
QLT BT ETTL) It SRR LTt L
s e R
VRN s T e T L
e 4..1_ Yoy

FYIRIFLTIR ILTETY ]

44

www.fastio.com

ChhPD


http://www.fastio.com/

g€ @4nbiy

.4

(3SW) v NOILYOO .Ow +891 NOILVLS NVTd NOILNIWNYLSNI

-."

"$IMASEING I NOTINON !
SHINATTIN W04 Ju¥ 4E-36 nuNe 6135 5
. SIuNSSINY
TEXINIA SUNDETIN UOS Y 0135 MuHL 1035 ]
e a3
$3990 NIYELE 4D NOUEIOT bt

*5310M
A

HY IR

LIt R

FHH 1)

CHIVML b3ddn

BLR T ILE T

\

ﬁ.-.b

§-3

T

tiiare

LILLN L] .-n.—-!Mu

Ltld
(%13

Ly gett

103000251 b0 1 W3¢
08+ 831 NOLLYLS

-l [

v._.a

LA (51

Tise} A1) i

TV damo

ANV NOILJ3S TvOIdAL

N

YLV
37@vIniNaY
fmymanel -
e MLg  dmt [0 [T} \u...l....s._\ '
R N ".I....m:mﬂ..wl.“\ 1
g b __
. B ERT T !
tede .
2 _ .
e et | i
~—" !
=
- - |
w5t o ke
.
T $:w34 in1ie — T}
[ [FEECNCETELE] 377 . T

L)

Co+R30IE N, OFAE-15 (e +ZWIIS TN D)o

Tlmaman feaean™

SO er~olaetre !
o
2

LU

[FLE

ol

Q6L 4

45

Ty

' (4
~1 n
....4 - FLCETR L5 -.““L
L ENS
"1
v ) ' !

www . fastio.com

ClibhPDF -


http://www.fastio.com/

ChhPD

wwwLfastio.com

1

64

TYPICAL FULL PANEL

——
>

TYPICAL PANEL LAYOUT

(B)

REINFORCED EARTH FACING PANELS

Fiqure 4B
46



http://www.fastio.com/

ClibhPDF -

Marter growl recess atter,
dramny up mud

Ev e e%ee

44

lo
. LY 383w Y o ‘
- -
‘:g] / —4 Neoprene ped 230"
a4
Y x A . . e
b . e i‘"",{ Beif . /Wﬂd’ deit and el fo
< P / Jame pidv of far
3T Wpe— - :
I
N g
X BEF T Pranter an . g
B T et I stiiore
T;
% . -—ﬁ..._.-— ‘.1' tat. &
- ) ¥ Cim ______--—-'1 Tia, Tl & #n. Srafoive .
. . '.‘”. -
jf—— ot
' |
y j/n‘t.: o e | == +
» -, . - 3 . .
.‘: ~.5” K,r _J‘- Fill epaning wilh easient
—_— JL; \---l' Chomier Tip ‘ -t
. . 1 B [ 1
= -
. e L A R 1T
S EINET NI
L]
Flad
_s£cTion.

Jcole: 17 ria”

Petai 9

a4 Y]
[ 4
90 ’ - -
- 7 E) Pl
4207 4 £
[4

baais
=
Paais
T
\7\’\
Kw.
=y
A,
vy
T
A
4
3y
I
>
'

F 32} Flat Bar /

Y0 Crass sarce Bboras 3dort
myt 2@ e Llang mar InH°CE

MECHANICALLY

www . fastio.com

:
{

P VLYY o W7

i

PLAN — BOLT CONNECTOR

Jiate 3 rite”

STABILIZED EMBANKMENT CONNECTION

Figure SB

DETAIL
47


http://www.fastio.com/

CLBPDE - Wy [as



http://www.fastio.com/

	E:\images\000007\00000757.tif
	image 1 of 68
	image 2 of 68
	image 3 of 68
	image 4 of 68
	image 5 of 68
	image 6 of 68
	image 7 of 68
	image 8 of 68
	image 9 of 68
	image 10 of 68
	image 11 of 68
	image 12 of 68
	image 13 of 68
	image 14 of 68
	image 15 of 68
	image 16 of 68
	image 17 of 68
	image 18 of 68
	image 19 of 68
	image 20 of 68
	image 21 of 68
	image 22 of 68
	image 23 of 68
	image 24 of 68
	image 25 of 68
	image 26 of 68
	image 27 of 68
	image 28 of 68
	image 29 of 68
	image 30 of 68
	image 31 of 68
	image 32 of 68
	image 33 of 68
	image 34 of 68
	image 35 of 68
	image 36 of 68
	image 37 of 68
	image 38 of 68
	image 39 of 68
	image 40 of 68
	image 41 of 68
	image 42 of 68
	image 43 of 68
	image 44 of 68
	image 45 of 68
	image 46 of 68
	image 47 of 68
	image 48 of 68
	image 49 of 68
	image 50 of 68
	image 51 of 68
	image 52 of 68
	image 53 of 68
	image 54 of 68
	image 55 of 68
	image 56 of 68
	image 57 of 68
	image 58 of 68
	image 59 of 68
	image 60 of 68
	image 61 of 68
	image 62 of 68
	image 63 of 68
	image 64 of 68
	image 65 of 68
	image 66 of 68
	image 67 of 68
	image 68 of 68


